ABSTRACT This study was designed to compare the effects of different stunning voltages of pulsed direct current on meat quality of broilers. For this purpose, plasma parameters, blood loss, carcass damage, and meat water holding capacity, color, shear force, pH, and protein solubility were analyzed. A total of 400 broilers were divided into 5 treatment groups and stunned with 5, 15, 25, 35, and 45 V at 750 Hz and 10 s, respectively. Blood samples were collected immediately after cutting the neck. Pectoralis major muscles were removed from the carcass after chilling and placed on ice. Breast muscle pH and meat color were determined at both 2 and 24 h postmortem. Dripping loss, cooking loss, pressing loss, and cooked breast meat shear values were determined after 24 h postmortem. The 5 V treatment significantly increased (P < 0.05) blood plasma corticosterone and lactate concentration compared with the other groups. The carcass damage of wings, Pectoralis major, and Pectoralis minor was significant in the 5, 35, and 45 V groups. The pH of 2 h postmortem in the 5 and 45 V groups was significantly lower (P < 0.05) than in the 15 and 25 V groups. In the 5 and 45 V groups, the protein solubility and shear force value were significantly lower (P < 0.05) and dripping loss was significantly higher (P < 0.05) than the other groups.
INTRODUCTION
In commercial broiler slaughter plants, water bath electrical stunning is currently the most widely used method for pre-slaughter stunning. It is convenient, economical, requires only a small space, and can be readily adapted to commercial processing plants (Turcsan et al., 2003) . According to the parameters of voltage and frequency used, water bath electrical stunning methods can be divided into 3 categories. They are low voltage and high frequency stunning (LS), middle voltage and low frequency stunning, and high voltage and low frequency stunning (Huang et al., 2014b) . As low voltage and high frequency stunning can minimize carcass damage when compared with the other 2 stunning methods, it is broadly used by most broiler slaughter plants (Xu et al., 2011a) . Stunning voltage and waveform play important roles in the effects of electrical stunning on final meat quality. The duration of unconsciousness increases with increasing stunning voltage, but the extent of carcass damage is aggravated, and the incidence of ventricular fibrillation and death is increased with increasing stunning voltage (Goksoy et al., C 2016 Poultry Science Association Inc. Received May 8, 2016 . Accepted August 7, 2016 Corresponding author: xlxu@njau.edu.cn 1999). There are several current waveforms used for electrically stunning broilers. It mainly includes a sine wave alternating current, rectangular wave alternating current, direct current, half-wave sinusoidal alternating current, full-wave sinusoidal alternating current, rectangular direct current, and pulsed direct current (Bilgili, 1992; Prinz et al., 2012) . Our recent survey showed that pulsed direct current is used in most LS slaughter plants in China. To the best of our knowledge, most of the previous research on stunning voltage was under the sine wave alternating current or rectangular direct current condition (Contreras and Beraquet, 2001; Xu et al., 2011b) . Only Prinz et al. (2012) studied pulsed direct current, but in their research the electrical stunning time is too short (4 s), and they used high voltage (60-120 V) and low frequency (70 Hz) stunning. The effect of stunning voltage on meat quality under pulsed direct current and LS condition is unknown. This study indicates that stunning broilers with the stunning parameter of 5 V, 700 Hz, for 10 s was inadequate and therefore not acceptable.
MATERIALS AND METHODS

Source of Chickens
A total of 400 live, mixed-sex, 42-day-old Arbor Acres broilers were obtained from the holding area of 764 a commercial plant. The average weights were between 2.4 ± 0.8 kg and then they were randomly divided into 5 groups. All procedures were approved by the Animal Care and Use Committee of the Food Science College of Nanjing Agricultural University.
Stunning Procedure
The broilers were transported from the holding area to a commercially processed slaughterhouse in about half an hour. After resting for an h, the broilers were slaughtered following commercial practice. The broilers were weighed (live weight) and hung upside down by attaching the feet to metal shackles, and the feet and shackles were sprayed with water containing 1% NaCl. They were plunged into an electrified water bath containing 1% NaCl up to the base of their wings. The waveform was tested by an oscilloscope. The broilers were slaughtered in batches (10 broilers each treatment). The shackle spacing was 15.5 cm and the processing line speed was 0.4 m/s. Before each batch, 10 birds were weighed before and after stunning to measure water absorption during this operation. The mean value (absorption weight) was used as an estimate of water absorption during the actual trial. All broilers were stunned by pulsed direct current at 700 Hz and stunning voltage (5, 15, 25, 35, and 45 V) is shown in Table 1 . Immediately after 10 s of stunning, the broilers were bled by severing the jugular vein and carotid artery using a hand-held knife on one side of the neck, and severing of the jugular vein and carotid artery in every carcass was confirmed. After bleeding for 150 s, the broilers were weighed again as the bled weight.
Sampling
Blood samples (5 mL) of 20 broilers from each treatment were collected in tubes containing anticoagulant during bleeding, and then cooled on ice. After collection, the samples were centrifuged at 4
• C for 10 min at 1,800 × g and the resulting plasma was stored at −80
• C until required for the analysis of plasma corticosterone, lactate, and glucose. The broilers were scalded at 54
• C for 120 s and picked for 30 seconds. After evisceration, they were chilled by agitated ice water for about 45 minutes. Immediately after chilling, both the Pectoralis major and Pectoralis minor muscles, legs, and wings were removed and placed on ice for carcass damage measurement. Meat color and pH of the Pectoralis major were tested at 2 and 24 h postmortem. Water holding capacity, shear value, and protein solubility of the Pectoralis major were tested at 24 h postmortem. 
Measurements
Plasma Parameters Plasma corticosterone, glucose, and lactic acid of 20 broilers from each treatment were measured with a chicken corticosterone (CORT) ELISA kit (R&D Systems, Minneapolis, America), glucose kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), and lactic acid kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), respectively. Each blood sample was measured in triplicate according to the instructions of manufacturers.
Carcass Damage Carcass damage of 80 broilers from each treatment was measured according to the method of Contreras and Beraquet (2001) with modifications. The carcass damage area was measured with a transparent plastic card that had a 1 × 1 mm square net on it. The score of carcass damage was calculated according the standard scoring of carcass damage as shown in Table 2 .
Blood Loss Blood loss of 80 broilers from each treatment was performed according to the method of with minor modifications. It was determined by weight loss [% blood loss = ((live weight − bled weight + absorption weight)/live weight) × 100].
Muscle pH The pH of postmortem muscle at 2 and 24 h of 80 broilers from each treatment was determined using a calibrated pH meter (FE-20, Mettler-Toledo Instruments Co., Ltd., Zurich, Switzerland). Each muscle sample was measured in triplicate with a spear-type electrode at bone side (cranial end) of the Pectoralis major.
Meat Color Meat color of 80 broilers from each treatment was measured in triplicate on the bone side (medial surface) with a Minolta Chroma Meter CR-400 (Minolta Co., Ltd., Osaka, Japan). The CIE Lab system values of lightness (L * ), redness (a * ), and yellowness (b * ) were recorded at 2 and 24 h postmortem. Dripping loss. Three strips of 2 × 2 cm (about 25 g) were removed from each breast muscle (left Pectoralis major) of 80 broilers for each treatment at 24 h postmortem. Each strip was weighed and then individually attached with a clip to the inside of an air-inflated Table 3 . Effects of stunning voltage on plasma parameters (mean ± SD, n = 20 each treatment) and blood loss (mean ± SD, n = 80 each treatment) of broilers. plastic bag. The strip was positioned so that no contact was made with the inside of the bag. After hanging at 4
• C for 24 h, they were removed from the bag and reweighed. The dripping loss was expressed as the percentage of initial weight.
Cooking Loss Two samples with a weight (W 1 ) of 50 ± 1.5 g were taken from the Pectoralis major in 80 broilers for each treatment at 24 h postmortem. They were then individually placed inside polyethylene bags and cooked in a water bath at 85
• C until the center temperature had reached 70
• C. The internal temperature was tracked using a portable needle tipped thermometer during cooking. The cooked samples were cooled in running water until ambient temperature and stored at 4
• C for 24 hours. After being removed from the bags, the samples were dried with filter paper and reweighed (W 2 ). Cooking loss was calculated as 100% × (W 1 − W 2 )/W 1 .
Pressing Loss Pressing loss measurements were performed according to the method of Farouk et al. (2004) . Three cored breast samples 1.0 cm in diameter and 1.0 cm in thickness were removed from the Pectoralis major in 80 broilers for each treatment at 24 h postmortem. The samples were then weighed (W 3 ) and wrapped in an 8-layer filter paper. Subsequently, they were pressed using a compression machine (YYW-2, Nanjing Soil Instrument, Nanjing, China) at 35 kg force for 5 min and reweighed (W 4 ). The pressing loss was expressed as 100% × (W 3 -W 4 )/W 3 .
Warner-Bratzler Shear Force The cooked meat of 80 broilers from each treatment was used for shear value measurement using the Warner-Bratzler shear method after testing cooking loss. Each sample was divided into 2 strips (1 cm width and 1 cm height) along the direction of the myofibrils. Each strip was subjected to 3 shears using a texture analysis machine with a WarnerBratzler single-blade type (model TA-XT2i; Stable Micro Systems, Cardiff, England). Test speed was 3 mm/s and use Newton (N) as the unit.
Protein Solubility The solubility of total protein (sarcoplasmic and myofibrillar) and sarcoplasmic protein was measured by the method of Joo et al. (1999) with some modifications. Eighty broilers were used for each treatment. Total protein was extracted from one g of minced muscle using 20 mL of ice-cold 0.1 M phosphate buffer including 1.1 M potassium iodide (pH 7.2). The samples were homogenized 3 times at 6,500 r/min for 20 s (Ultra Turrax T25; IKA), and then left on a shaker at 4
• C for 12 hours. Samples were centrifuged at 1,500 × g for 20 min and protein concentration in the supernatants was determined by the Biuret method. Sarcoplasmic proteins were extracted from one g of minced muscle using 20 mL of ice-cold 0.025 M potassium phosphate buffer (pH 7.2). The same procedures for homogenization, shaking, centrifugation, and protein determination were used as described above. Myofibrillar protein concentrations were obtained by the difference between total and sarcoplasmic protein solubility.
Statistical Analysis
All data were analyzed using the ANOVA procedure of SPSS statistical software version 16.0 for Windows (SPSS Inc., Chicago, IL). Differences were determined by contrast. A significant level of the tests was defined as P < 0.05 and the results are presented as mean ± SD.
RESULTS AND DISCUSSION
Plasma Parameters
Effects of stunning voltage on plasma corticosterone, glucose, lactate parameters, and blood loss is shown in Table 3 . The plasma corticosterone and lactate concentrations of broilers that were stunned by 5 V was significantly higher (P < 0.05) than other groups. But the plasma corticosterone and lactate concentrations were not significantly different (P > 0.05) among the 15, 25, 35 and 45 V stunning groups. There was no significant difference (P > 0.05) between stunning voltages of plasma glucose and blood loss. Plasma corticosterone is regarded as an important indicator of acute stress in broilers (Bedanova, et al., 2007) . The plasma corticosterone concentrations of 5 V stunning are higher than other groups demonstrating that stunning with low voltage was inadequate. The present findings are in agreement with previous studies that showed that the concentration of plasma corticosterone increased under low voltage (35 V) compared with high voltage (65 V) stunning (Xu, et al. 2011) . This is possible because the voltage of 5 V is too low to make broilers unconsciousness, as we observed most birds exhibiting wing flapping after 5 V stunning and during bleeding. Wing flapping of broilers can increase stress thus leading to an increase in plasma corticosterone concentration (Huang et al., 2014a) . The plasma lactate concentration of 5 V stunning was higher than that in the other groups. This was likely because acute wing flapping of 5 V stunning broilers accelerated the formation of muscle lactic acid, and led to blood acidification. Berri et al. (2005) also found that the duration of wing flapping was highly positively correlated with blood lactate. Our research found that bleeding efficiency was not affected (P > 0.05) by the stunning voltages (Table 3) . Previous research also found that stunning voltage had no effect on final blood loss (Weise et al., 1987) . However some other studies found that high voltage stunning had a disadvantageous effect on final blood loss (Craig and Fletcher, 1997; Kang and Sams, 1999) . Plasma glucose was not affected (P > 0.05) by stunning voltage (Table 3) . The current study is in agreement with previous investigations that showed that plasma glucose concentrations were not affected by the electrical stunning voltage (Xu et al., 2011b; Huang et al., 2014b) .
Carcass Damage
The effects of stunning voltage on carcass damage of wings, Pectoralis major muscles, Pectoralis minor muscles, and legs are shown in Table 4 . Bruises and hemorrhages are considered to be major meat quality defects. The damage of wings (red wing tips, hemorrhages) in the 5 V group was more significant (P < 0.05) than in the other groups. This is possible because the low voltage was not enough to stun the broilers. The wing flapping during bleeding led to the adjacent broiler's wings bumping with each other and causing wing damage. The damage of wings in the 35 and 45 V groups was more significant (P < 0.05) than in the 15 and 25 V groups. With the increase in voltage, the damage of the Pectoralis major and Pectoralis minor was increased from 15 to 45 V. This may be caused by high voltage leading to broken blood capillaries. The damage of Pectoralis major in the 5 V group was more significant (P < 0.05) than the 15 V stunning group. There was no difference (P > 0.05) of wing damage between the 15 and 25 V groups. The leg damage was not affected (P > 0.05) by stunning voltage.
Meat pH and Color
The results for 2 and 24 h postmortem pH is shown in Table 5 . At 2 h postmortem, the pH of breast muscle was significantly lower (P < 0.05) in the 5 V group compared to the 15, 25, and 35 V groups and also lower than the 45 V group. This result is in agreement with previous findings that birds stunned with low voltage (11 V) would have lower breast muscle pH values than birds stunned with high current (125 mA) (Craig et al., 1999) . This effect is most likely due to the fact that a low voltage is not enough to stun the broilers, and wing flapping during bleeding led to a lower muscle pH. Other studies also indicated that the pH of early harvested muscles from un-stunned birds was lower than with LS (15 V) stunned birds (Huang et al, 2014b) , and wing flapping during stunning and bleeding decreased muscle pH Huang et al., 2014a) . The pH at Table 6 . Effects of stunning voltage on dripping, cooking, pressing, and thawing loss of broilers (mean ± SD, n = 80 each treatment). 2 h postmortem of the 45 V group was significantly lower (P < 0.05) than that of the 15 and 25 V groups. The pH of the muscles at 2 h postmortem was not significantly (P > 0.05) different among the 15, 25 and 35 V groups. The pH at 24 h postmortem (Table 5) , and meat color (L * , a * , and b * ) at 2 and 24 h postmortem (Table 5) were not significantly affected (P > 0.05) by stunning voltage. Other studies also have shown that different electrical stunning systems did not affect ultimate muscle pH and color of chicken meat (Craig and Fletcher, 1997; Northcutt, et al., 1998; Craig, et al., 1999) .
Water Holding Capacity and Shear Force
The effects of stunning voltage on dripping loss, cooking loss, pressing loss, and shear value are shown in Table 6 . Slaughter factories are becoming more concerned about meat quality, especially improved water holding capacity and therefore increased product yields. The present study showed that dripping loss in the 5 V group was significantly higher (P < 0.05) than in the 15, 25, and 35 V groups. This result is similar to a previous study in which the lower stunning current (47 mA) resulted in a higher dripping loss at 24 h postmortem (Xu, et al. 2011) . This was possible for the pH decline rate of the 5 V group was faster than that of the 15, 25, and 35 V groups before 2 h (Table 5) . A combination of low pH and high temperature postmortem will result in protein denaturation, which leads to reduced water holding capacity (Joo, et al., 1999) . There was no difference (P > 0.05) between the 5 and 45 V groups in dripping loss. Shear values of the 5 and 45 V groups were similar (P > 0.05) and were significantly lower (P < 0.05) than the 15, 25, and 35 V groups (Table 6 ). This result is in agreement with previous findings that indicated that the shear force value of low pH muscle at early postmortem will be lower (Beltrán et al., 1997; O'Halloran et al., 1997) . There were no significant differences (P > 0.05) between stunning voltage for cooking and pressing losses. The results are similar to previous findings in which stunning voltage did not significantly affect cooking loss (Craig et al., 1999) .
Protein Solubility
The effect of stunning voltage on total protein, myofibrillar protein, and sarcoplasm protein solubility are shown in Table 7 . The protein solubility of the 5 and 45 V groups were significantly lower (P < 0.05) than in the other groups. There was no difference (P > 0.05) in protein solubility among the 15, 25 and 35 V groups. Protein solubility indicates the extent of muscle protein denaturation. Choi et al. (2010) found that a fast glycolytic rate in the early postmortem period led to a fast pH decline, and reduced protein solubility, and finally resulted in a high dripping loss. Lopez-Bote et al. (1989) also found that protein denaturation would reduce water holding capacity.
The present study shows that different electrical stunning voltages can significantly affect broiler meat quality. The concentration of plasma corticosterone in the 5 V group was significantly higher than in the other groups, indicating that 5 V stunning is not enough to make broilers unconscious. The carcass damage of the wings, Pectoralis major, and Pectoralis minor was significant in the 5, 35 and 45 V groups. The stunning voltage of 5 and 45 V acceletated pH decline in the early postmortem period and led to protein denaturation, and decreased water hold capacity and shear value.
